Hydrogen bonds stabilize protein and nucleic acid structure, but recent results indicate that the amide proton chemical shift little direct spectroscopic data have been available for characteriz-anisotropy (CSA) varies strongly with hydrogen bond ing these critical interactions in biological macromolecules. It is strength (8). Chemical shifts are also influenced by other demonstrated that the electric field gradient at the nucleus of an geometric and ring current effects, and it remains difficult amide hydrogen can be determined residue-specific by measure-to separate out the effect of hydrogen bonding, at least for 
INTRODUCTION

Earlier
2 H nuclear quadrupole resonance (NQR) and solidstate NMR studies of inorganic molecules and single (zwitThe vectorial character and the relatively weak energy of terionic) amino acids deuterated at the amide site have hydrogen bonds are key factors in determining the speed shown that the 2 H QCC follows a simple relationship of the and specificity of enzymatic reactions (1, 2) . Specific, geo-form QCC Å A / B/r 3 kHz, where r is the distance between metrically arranged patterns of hydrogen bonds also play a the deuterium and the acceptor group (in ångstroms), and critical role in determining the structure of proteins and nu-the coefficients A and B depend on the nature of the donor cleic acids. In biopolymer structures solved by either X-ray and acceptor (12, 13). Recent amide deuteron ( 2 H N ) QCC crystallography or NMR, hydrogen bonds are mostly in-measurements made by single-crystal solid-state NMR studferred from the spatial proximity of the hydrogen bond donor ies on small peptide analogues reiterated the tight correlation and acceptor atoms after the structure has been solved using between QCC and hydrogen bond lengths determined from other constraints. Evidence for the presence of individual X-ray and neutron diffraction (14) (15) (16) . These experiments hydrogen bonds comes from protection of labile protons inspired us to develop a method for measuring QCC values from hydrogen exchange with bulk solvent (3, 4). However, of the backbone amide deuterons ( 2 H N ) of a protein in soluhydrogen exchange requires local (or global) unfolding of tion, thereby providing quantitative information on hydrogen the polypeptide and therefore is sensitive to numerous other bonding. Independently, Boyd et al. have developed an analfactors as well (5, 6). The amide proton chemical shift is ogous, but technically different approach for studying 2 H also sensitive to hydrogen bonding (7), and in particular, quadrupole couplings in 15 NHD amino acid side chains by monitoring the 15 N relaxation and lineshape (17) . 2 H N relaxation in proteins is dominated by the quadrupole nal (T 1 ) and transverse (T 2 ) relaxation by transferring mag-and 15 N can be observed at enhanced sensitivity by using the triple-resonance HCA(CO)N experiment (23, 24) . In netization from 2 H to its directly bonded 13 C or 15 N nucleus (18) . Unfortunately, for backbone amides the sensitivity of this two-or three-dimensional experiment, the 15 (20) have been dipolar coupling, which exerts its effect through cross correpublished. lation with the 2 H N quadrupolar relaxation mechanism (vide infra). Figure 2 shows the pulse scheme used in the present study. Figure 1 illustrates the exquisite sensitivity of the 15 N-Magnetization is transferred stepwise from the sensitive 1 H a { 2 H N } multiplet shape to both the rotational correlation time spin, via the intervening 13 C a and 13 C to the 15 N spin of the (t c ) and QCC. The triplet is resolved in the fast tumbling next residue, in a manner similar to that of the original limit, when 2 H N T 1 relaxation times are much longer than HCA(CO)N experiment (23) . The only difference is that 1/ 1 J 2H-N , and collapses when v 2H t c approaches 1 and the in the present pulse scheme, the 15 N evolution period is 2 H N T 1 values become very short. In the slow motion limit, followed by a Carr-Purcell-Meiboom-Gill (CPMG) spin v 2H t c ӷ 1, the 2 H T 1 increases to longer than 1/ 1 J 2H-N , and echo train (25), prior to transfer of 15 N magnetization back the 15 N triplet becomes resolved again. The small degree of to H a of the preceding residue. The experiment is performed multiplet asymmetry observed in the slow tumbling limit in a two-dimensional (2D) fashion and yields spectra with results from cross correlation between the C pulses are at 56 and 177 ppm, respectively. The RF field strengths of the 90Њ and 180Њ 13 C a pulses are adjusted to 4.7 and 10.6 kHz such that they do not excite the 13 C nuclei (for 150.9 MHz 13 C). Carbonyl pulse shapes correspond to the center lobe of a sin x/x function, with durations of 157 and 84 ms for the 180Њ and 90Њ pulses, respectively. Phase cycling is as follows: H decoupling is applied during both t 1 and the CPMG duration when collecting the reference spectrum (scheme A). In scheme B, 2 H decoupling is applied only during t 1 . Delay durations are t Å 1.5 ms, d Å 3.1 ms, e Å 4.5 ms, D Å 13 ms, and j Å 4.5 ms. Gradient durations are G1 Å 3 ms, G2 Å 1.4 ms (negative polarity), G3 Å 1 ms, G4 Å 3.3 ms, G5 Å 4 ms, and G6 Å 0.2 ms. Pulsed field gradients are sinebell shaped, with a peak amplitude of 25 G/cm. proximation, the intensity ratio of a 15 15 N-{ 2 H} magnetization and relaxation during the CPMG pulse train can be described in the classical Solomon fashion (26) . Using the nomenclature of Fig. 3 for the 15 N triplet transverse magnetization vectors, the following differential equations apply: 
RESULTS AND DISCUSSION
where (27)
and where J 2H-N is the one-bond N decoupling equally, and therefore do not influence the intensity ratio.
interactions, one can calculate the optimal duration of the The solid lines in Fig. 4B show the ratios of signal intensities, total CPMG relaxation delay (Fig. 5B ). I B /I A , observed in the absence and presence of 2 H N decoupling, as a function of QCC for a 94-ms CPMG period Semi-classical description of 15 N decay. The above description in terms of transition probabilities does not take with 9.4-ms spacing between the 180Њ pulses, and rotational correlation times of 5 and 10 ns.
into account effects such as relaxation interference. We therefore also provide a more complete analysis of the time As mentioned above, Eqs. [1] 
and
in the reference spectrum, and H RF Å 0 in the attenuated spectrum. In the above equations,
is a second-order spherical harmonic at the Euler angles V Å (u(t), f(t)) which describe the orientation of the unique principal axis of the quadrupolar ( Q V) or dipolar ( D V) interaction relative to the external magnetic field, v 1 is the strength of the 2 H N decoupling field, applied along the x axis, and X a m is the spindependent part of the Hamiltonian (21): 15 N in the reference experiment). As The Liouville equation of motion for s(t), during the 2j mentioned above, information on the quadrupole coupling is delay periods, in the interaction representation is contained in the ratio of resonance intensities in two spectra, collected for a given total duration of the CPMG relaxation
[4] period, in the presence (reference spectrum) and absence (attenuated spectrum) of 2 H N decoupling. As H CSA attenuates with the signals in both spectra identically this term can be omitted from the calculations. For the same reason, H D concerns us only in its contribution to the quadrupole-dipolar cross 6. The two spectra were acquired in an interleaved manner rather than sequentially. This minimizes the effects of slow
changes in spectrometer hardware or sample conditions, which might occur during the course of the experiment, on where ÉP y (180Њ)É is the duration of the 180Њ pulse, P y (u) the intensity ratio of the two spectra. Thus, data with and Å exp(0iuI y ). Evolution of the density matrix is restricted without 2 H N decoupling are acquired and stored separately, to a subspace of the full Liouville space. Therefore, a set of prior to incrementation of the t 1 evolution period. The peak orthogonal basis operators can be used to represent the den-intensity differences between resonances in the two spectra sity matrix: Four experiments (i.e., four pairs of spectra) were conThe dashed lines in Fig. 4B show the ratio of signal inten-ducted with CPMG pulse train lengths of 91, 127.3, 145.5, sities, I B /I A , observed in the absence and presence of 2 H N and 145.5 ms, and 2j durations of 9.1 ms. For each decoupling, as a function of QCC. These ratios are calculated 15 N i /1 / 1 H a i correlation in a given experiment, the ratio of its using Eq. [5], again for isotropic diffusion with a rotational intensity from pulse scheme B, I B , over that from pulse correlation time of either 5 or 10 ns, and a magnetic field scheme A, I A , was obtained. Calculating the 2 H QCC from strength of 14 T. As can be seen from comparing the results I B /I A was carried out by calculating the evolution of the obtained without consideration of the cross correlation effect density matrix (Eq. [5]) over the duration of the CPMG (solid lines), the effect of cross correlation on the intensity pulse train in both the presence and absence of 2 H N decouratio, I B /I A , is very small and results in a slightly lower ratio pling, for a series of different QCC values. Comparison of for a given QCC value. the experimental I B /I A ratio with this array of simulated I B / The rotational diffusion of ubiquitin to a good approxima-I A ratios then yields QCC. Calculations were repeated for tion is axially symmetric (20) and, in addition, the N-H each residue, using residue-specific 1 J 2H-N values ( 1 J 2H-N Å bond vectors are subject to rapid internal motion. For this g 2H /g 1H 1 J 1H-N ), taken from Ref. (32), and internal dynamcase, the complex spectral density function can be approxiics parameters (S 2 , t i ) and orientations of the N-H bond mated by (22) vectors in the frame of the axially symmetric rotational diffusion tensor, taken from Ref. (20) . 3 are hydrogen bonded to a side chain oxygen, 5 are within QCC values which are uniformly higher, in the range 224-236 kHz. hydrogen bonding distance (3 Å ) and angle (ú120Њ) of two Based on the reproducibility of four separate measureoxygens, and 4 are hydrogen bonded to a water oxygen. For ments, the root-mean-square uncertainty in the resulting av-4 amides, there is no hydrogen bonding partner in the crystal eraged QCC values is {2.8 kHz. This error does not include structure, although 3 of them have solvent accessible surface uncertainties in the dynamics parameters or in the orientation areas greater than 20% (as probed by a 1.4-Å sphere, using of the N-H vector relative to the diffusion tensor. X-PLOR) and presumably form a hydrogen bond to water. QCC values are presented in Table 1 and values range from Correlation between QCC and hydrogen bonding. Hy-199 to 227 kHz. As can be seen from Fig. 4B , use of the drogen bond lengths and angles were obtained from the 1.8-classical Solomon-type description would result in QCC val-Å ubiquitin crystal structure (19) , with protons built on by ues that are larger by about 2 kHz.
the program X-PLOR (33). The ubiquitin crystal structure indicates that all but one Figure 7 shows the correlation between QCC and the hy-(Thr 22 ) of the amides with NOE § 0.7 considered above drogen bond length and angle derived from the crystal strucare either involved in one or two hydrogen bonds or are ture. The solid line is the best fit and corresponds to exposed to the solvent. Except for Thr 22 and Ile 36 (which is preceded by Gly and no QCC value could be measured),
[7] all non-solvent-exposed amides for which no clear hydrogen bonding partner can be discerned in the crystal structure have NOE values õ0.7 and show increased internal dynam-where r i is the (N-)H to O i (|C) distance in ångstroms, and a i is the N-HrrrO i hydrogen bond angle. To first ics. These very weakly or nonhydrogen bonded amides show order, the cos a factor accounts for the nonlinearity of the though cos a is relatively uniform, the correlation coefficient, R, improves from 0.60 when using the original equahydrogen bond (assuming axial symmetry of the 2 
H
N quadrupole coupling in the absence of hydrogen bonding). Al-tion (12, 13) lacking this factor, to 0.74 when including it. For four relatively rigid, solvent-exposed amides that are coefficient, R, decreases to 0.70, however, suggesting that all hydrogen bonded to water oxygens in the crystal structure it is slightly less good in correlating QCC with hydrogen (Asp 39 , Leu 43 , Ala 46 , and Gly 47 ), QCC values fall in the bond lengths and angles than Eq. [7] . The reason why QCC range 211-220 kHz. QCC values for three other nonflexible is less sensitive to the hydrogen bond angle than that pre-amides with a solvent accessibility greater than 20% (Thr 14 , dicted by a P 2 (cos a) dependence may originate in part Asp 52 , and Thr 66 ) but not hydrogen bonded to a water molefrom the increase in the asymmetry parameter, h, which cule in the X-ray structure, fall in the range 209-214 kHz. would increase with the deviation from linearity of the hy-This suggests that there is no correlation between the magnidrogen bond. It may also reflect a correlation between the tude of QCC and the presence or absence of a hydrogenaverage local electrical polarizibility and the angle a.
bonded water molecule in the X-ray structure. The absence Equation [7] is consistent with previous QCC values ob-of a water molecule in the crystal structure for these solventtained for model peptides using single-crystal, solid-state exposed amides presumably reflects a wider distribution in NMR. Gerald et al. (15) generalized order parameter which is related to the amplitude of fast internal motions (30) . Note that QCC values obtained We have shown that individual backbone amide QCC values in proteins can be measured by solution NMR. Our in the present study have already been corrected for the effect of internal dynamics, and Eq.
[7] therefore refers to study confirms that amide deuteron quadrupole couplings are quite sensitive to hydrogen bonding and thereby provide the case where there is no internal motion. Thus, the 218-unique spectroscopic probes for studying this interaction in was minimal, it was set to 1.7 kHz during the duration of the CPMG period. No improvement upon including WALTZ-16 solution. However, our data also indicate that H N QCC values of peptide amides are quite uniform and clearly show modulation of the decoupling field was observed; in fact, at lower 2 H N decoupling power levels the introduction of that no strong hydrogen bonds are present in ubiquitin. This is confirmed by the narrow range of amide proton/deuterium WALTZ-16 modulation lowers the decoupling efficiency, presumably because the duration of a 2 H N 90Њ pulse is comfractionation factors reported for this protein (35) .
Precise measurement of QCC requires accurate knowl-parable to the 15 N T 2 and T 1 values. Both the attenuated and reference spectra were acquired edge of the spectral densities applicable to the rotational diffusion of the individual N-H bond vectors, and also accu-as 416* (t 1 ) 1 768* (t 2 ) data matrices (where n* refers to n complex data points) with acquisition times of 266 ms rate measurement of the 1 J NH (and thereby 1 J ND ) scalar coupling. Indeed, without taking the anisotropic rotational diffu-(t 1 , 15 N) and 80 ms (t 2 , 1 H a ). Prior to Fourier transformation, the data were apodized in both dimensions with a squared sion into account, or without using residue-specific 1 J ND values, the correlation between QCC and hydrogen bond length sine-bell function shifted by 72Њ, and then zero-filled to 2048* along t 1 and 4096* along t 2 to yield digital resolutions virtually disappears (R õ 0.5; data not shown). Also, very high signal-to-noise ratios in the 2D HA(CACO)N spectra of 0.8 and 2.3 Hz, respectively. Data were processed using the program nmrPipe (36) and peak positions were deterare required in order to obtain a sufficiently low error in the intensity ratio of the spectra with and without 2 H N decou-mined interactively using the program PIPP (37) .
Calculations of the evolution of 15 N-{ 2 H} coherence and pling. Therefore, at present it is not yet possible to apply the methodology described in this manuscript in a routine relaxation during the CPMG pulse train were carried out with the program package Mathematica (Wolfram Inc., manner to a wide range of proteins. It is primarily restricted to proteins with favorable NMR characteristics, such as ubi-Champaign, IL). quitin and other low molecular weight proteins. Measurement of QCC values is not restricted to amides involved in
